Mercury ion complexation reactions were carried out between 3 and various mercury(II) salts.
Introduction
The last decade has witnessed a surge of interest in the discovery of building blocks capable of forming specific molecular arrays under certain chemical conditions.
1-4 Calix [4] arenes are currently among the most versatile and useful building blocks in supramolecular chemistry, 5-14 as they are intriguing platforms for constructing selective receptors because of their preorganised basket structure assembled from their four phenol rings. They are widely used for the creation of selective metal cation extractants (including radionuclides), catalysts and sensor materials and they have been functionalised by various receptor groups, which can selectively bind cations, anions, and neutral molecules. Calix[n]arenes (n = 4 or 6) have been used as three-dimensional receptors with multiple urea, thiourea or amido arms on either the wide or narrow rim to bind ion pairs in low polarity solvents. 15 Calix [4] arene pyridyl ligands have been reported previously with methanol solvent molecules contained within the lattice being hydrogen bonded to the pyridyl nitrogen atoms 16 and with the methanol molecule enclathrated within the calix [4] arene cone-shaped cavity. 17 As part of our continuing research, we have previously reported upper and lower rim functionalised calix [4] arenes, capable of binding transition metal salts.
18- 21 In extending this theme, we targeted the design of "pre-ligands", capable of having two or more donor atoms present, with a view to attaching these to the lower rim of the calix [4] arene and have reported the copper(II) complexes of two such ligands.
22, 23 A recent paper by Rao and co-workers 24 on the formation of calix [4] arene scaffolds containing pyridine ligands Scheme 1 Reagents and conditions: i) ethyl bromoacetate, K 2 CO 3 , MeCN, D, 18 h; ii) 2-(aminomethyl)pyridine, MeOH, toluene, 120 h.
and following the removal of the solvent, the remaining white solids were characterised by both NMR and IR spectroscopies (see Experimental section). When samples were left for several days, it was only on evaporation of the entire solution did a solid appear.
Electrospray (ESI) mass spectrometry of 3 and it's metal complexes were obtained in either MeCN or CHCl 3 as solvent. In all cases, only the spectrum of 3 was obtained, with either sodium or potassium ions attached (see Experimental section). No evidence of a mercury, silver or zinc complex could be obtained.
NMR studies
The 1 H NMR spectrum of the Hg(ClO 4 ) 2 complex of calixarene 3 was run in both d 6 -DMSO and CD 3 CN. Both the d 6 -DMSO and the CD 3 CN spectra showed the presence of a single set of signals and, based on the shifts of the signals in comparison to the starting calixarene derivative 3, the species present was identified as the mercury(II) complex (see Fig. 1 ). In both solvents, there are significant shifts in the signals related to the pyridyl protons, indicating binding of the mercury(II) cation at this position. Furthermore, there are also shifts in the signals for both the amide protons and the hydroxyl protons on the lower rim of the calixarene, indicative of the binding of the mercury(II) cation to the pyridine rings, causing a change in the electron density at the amide resulting in a weakening of the hydrogen bonding between the amide hydrogen and the phenolic oxygen. We also obtained the 1 H NMR spectrum in CDCl 3 . While, all the signals present were well-defined, the spectrum, shown in part in Fig. 2 , was neither that of the calixarene derivative 3 on its own, nor did it show simple mercury complexation (as observed in Fig. 1 ), as there are now double the number of signals that should be present, for the latter explanation. This means that either there are either two different species present in solution or that the complexation of the mercury ion is giving rise to a single highly asymmetric species in solution, as indicated below.
Removal of the solvent under reduced pressure and redissolving the sample in CD 3 CN or d 6 -DMSO resulted in spectra similar to that shown in Fig. 1 , with the obvious difference of solvent peaks. When a sample of the mercury(II) perchlorate complex was run in CD 2 Cl 2 , the resulting 1 H NMR spectrum also contained a doubling of all signals, similar to that shown in Fig. 2 . A plausible suggestion, based on these spectral results, is that the doubling of the spectral signals in CDCl 3 , and also in CD 2 Cl 2 , is due to the lack of solvation of the perchlorate anion, something which is happening in the donor solvents. We therefore believe that the mercury(II) cation is binding to the pyridyl arms of the functionalised calix [4] arene, thereby separating itself from the perchlorate anion. When this happens in d 6 -DMSO or CD 3 CN, then the anion is solvated by donor solvent molecules, whereas when the solvent is CDCl 3 or CD 2 Cl 2 , no solvation occurs due to the poor donating ability of these solvents and the resulting close ion-pairing induces a high degree of asymmetry in the complex. Closer inspection of the NMR spectra in ion-pairing solvents reveals the following: for the methylene protons, there are now four sets of doublets in the 6.25-2.25 ppm region, as shown in Fig.  2 , which would indicate that each proton on the methylene bridge is in a unique environment. Assignment of each signal in the 1 H NMR spectrum, obtained in CDCl 3 , has found that every proton within coupling distance is now involved in a coupling process. For example, the methylene group attached to the phenoxide oxygen and the carbonyl carbon at the upper end of the pendant arm is a singlet in the 1 H NMR spectrum of 3 at 4.56 ppm but now both protons couple to each other to give a pair of doublets at 4.17, 3.35, 2.83 and at 2.53 ppm. It is difficult to see how the mercury(II) ion induces asymmetry into the calix [4] arene molecule but the complexity of the NMR spectrum confirms this asymmetry. Several samples of the perchlorate complex, in both CHCl 3 and CDCl 3 solution, were left aside in an effort to obtain suitable crystals for an X-ray structural determination.
Where crystals were obtained, they analysed as the starting calix [4] arene 3. Titration studies between 3 and mercury(II) perchlorate in various deuterated solvents, particularly in CDCl 3 , might be informative about the number of species present in solution. So, these studies were undertaken using various concentrations of metal salt to one equivalent of 3. The titration study between 3 and mercury(II) perchlorate in CDCl 3 could not be carried out because of the poor solubility of mercury(II) perchlorate in the solvent, even at the low concentrations required for the titration. The titration studies between mercury(II) perchlorate and 3 in CD 3 CN and d 6 -DMSO at variable temperatures and concentrations were carried out and showed, in all cases, that metal binding was observed. In either solvent, the 1 H NMR spectra showed no change in the cone conformation. It was observed that the chemical shift separation of the proton signals of the methylene bridge in 3 decreased, suggesting that the ligand adopts a more symmetrical cone conformation upon complexation. However, considerable shifts in the amide, hydroxyl and pyridyl proton signals were observed in the spectra. Fig. 3 shows the spectra obtained when 1 equivalent of 3 is titrated with various concentrations of Hg(ClO 4 ) 2 up to 2.5 equivalents of metal salt at 25
• C. Both the pyridyl and amide protons showed the largest downfield shift, indicating that the Hg(II) cation mainly interacts with both the pyridyl and amide parts of the calix [4] arene derivative. Such downfield shifts have been previously reported for other mercury(II)-bound complexes.
24,27-29
As titration studies in CDCl 3 and CD 2 Cl 2 were not successful it was decide to try to isolate the mercury(II) complexes under different conditions to see if a number of species existed in solution.
Varying the time of reaction, temperature or solvent did not result in complexes of different conformation or symmetries but did give rise to an unusual outcome. The initial reaction between mercury(II) perchlorate and 3 was also repeated in ethanol but this time at the reflux temperature of the solvent for 2 h, instead of being at room temperature for 2 h. On cooling, a white solid precipitated from the reaction mixture. Analysis of the 1 H NMR spectrum, using CDCl 3 as solvent, showed that the calix [4] arene derivative has lost both pendant pyridyl arms and that the cleavage has occurred between the amide carbonyl and nitrogen atoms. The calix [4] arene derivative that is obtained as a result of these cleavage reactions is the calix [4] arene diester 2. It is not clear why the cleavage should occur under such mild conditions as heating to reflux temperature in ethanol. One possible mechanism which would allow the cleavage reactions to occur is outlined in Scheme 2. The ethyl ester which is obtained results from the choice of ethanol as solvent.
Based on our room temperature reactions and binding studies, we believe that the reaction between 3 and the mercury(II) perchlorate salt results initially in the formation of the cationic mercury(II)-calix [4] arene complex with perchlorate anions present in solution. For the purposes of clarity, the mercury ion is only bound to one pyridine ring in the Scheme. The mercury ion is also involved in an interaction with the amide carbonyl oxygen atom. As a result of this interaction, an ethanol molecule can Scheme 2 Possible mechanism for cleavage reaction. The mercury ion is not shown as being charged in the Scheme.
attack the carbonyl carbon atom, resulting in the bonding of the alcohol to the carbonyl carbon atom. Loss of a proton followed by a rearrangement of the electrons gives the amide carbonyl group back, which is still bonded to the mercury ion, and also cleaves the C-N amide bond to give the ester and, on protonation, the 2-aminomethylpyridine compound. The ethanol molecule is only shown attacking one pendant arm of the calixarene derivative in Scheme 2, but attack does occur at both amide carbonyls. If this mechanism is feasible, then replacing ethanol by methanol as solvent should result in the formation of the methyl ester calix [4] arene derivative. This reaction was carried out using methanol as solvent and heating the mixture to the reflux temperature of methanol for two hours. The resulting white solid was analysed by 1 H NMR spectroscopy and revealed that the methyl ester derivative was indeed formed, which suggested that our proposed mechanism was feasible. Furthermore, when we repeated the reaction in either ethanol or methanol but this time reduced the reaction time to 1 h, the solid obtained had lost one pendant arm only.
The reaction was also repeated using perchloric acid instead of mercury(II) perchlorate in order to see was the presence of the mercury(II) ion essential for the cleavage reaction to occur. The reaction was carried out for two hours at both room temperature and at the reflux temperature of ethanol. Once the excess solvent had been removed under vacuum, the residue in both cases was analysed using 1 H NMR spectroscopy using CDCl 3 as solvent. In both cases, significant shifts in the pyridyl signals were observed, which suggested that the corresponding pyridinium cations were being formed. The differences in the chemical shift values on going from the pyridine derivative 3 to the pyridinium cation were similar to those observed and reported by Beer and co-workers.
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Therefore, the presence of the mercury(II) ion is essential for the cleavage reaction to occur.
Studies with other metal ions
Although Rao and co-workers 24 had reported that 3 was selective for mercury(II), we were interested in studying the complexation reactions with other metal ions to see if the unusual behaviour displayed by the mercury(II) complexes of 3 was evident in other complexes. The reaction of 3 with either silver(I) perchlorate or zinc(II) perchlorate was carried out for two hours at both room temperature and at the reflux temperature of ethanol. The resulting white solids, obtained from each reaction after removal of solvent in vacuo, were analysed using 1 H NMR spectroscopy using CDCl 3 as solvent. In all cases, binding of either the silver(I) ion or the zinc(II) ion to the pyridine ring was observed, but without the doubling of peaks indicative of the presence of an ion-pair either, as shown in Fig. 1 for the mercury(II) case, or the cleavage reaction occurring, as observed when the reaction with mercury(II) perchlorate was carried out at high temperature for two hours.
1 H NMR titration studies were subsequently undertaken between 3 and silver(I) perchlorate in d 6 -DMSO respectively. Binding of the silver(I) ion to the pyridine ring was observed, which is similar to the binding pattern observed when using mercury(II) perchlorate, suggesting that the mercury(II) and silver(I) cations interact with the calix [4] arene derivative in the same manner.
Fluorescence studies
The binding of zinc(II) perchlorate and silver(I) perchlorate to 3 contradicts the findings of Rao and co-workers who published their work on the binding of metal(II) salts to various amide linked derivatives of calix [4] arene. 24 In the course of their work, they studied the interaction of eleven different divalent metal ions, including both Hg(II) and Zn(II), with 3 in 50% aqueous acetonitrile by fluorescent spectroscopy. They reported that only in the case of the Hg(II) cation were any significant changes in fluorescence observed. We decided to use fluorescence spectroscopy to see if we could obtain similar results to Rao and co-workers, as there may be sensitivity issues between 1 H NMR spectroscopy and fluorescence spectroscopy. We dissolved 3 in 50% aqueous acetonitrile to obtain the same concentration (10 mmolar) as used by Rao and coworkers and then ran it's fluorescence spectrum. We also made up a 10 mmolar 1 : 1 solution of 3 and Hg(ClO 4 ) 2 and also obtained it's spectrum. Both spectra showed weak fluorescence but it was not possible to observe a difference in fluorescence between the two spectra, as observed by Rao and co-workers. 24 We therefore decided to repeat the fluorescence studies using a tenfold increase in concentration. Using the 100 mmolar solution of 3, we observed the expected increase in absorption due to the concentration effect. The spectrum of the metal complex showed an obvious decrease in fluorescence (see Fig. 4 ), as expected when using a mercury(II) salt. When a second equivalent of Hg(ClO 4 ) 2 was added, the fluorescence showed a further decrease. This confirmed the observations of Rao, although it was at a higher concentration. We have also found a similar decrease in fluorescence when we carried out titration studies of 3 with zinc(II) perchlorate. 
Electrochemistry studies of mercury(II) and silver(I) complexes
The electrochemical behaviour of 3, and metal binding to 3, was investigated in acetonitrile, chosen due to its inertness within a large potential window, 31 with 0.1M TBAPF 6 as supporting electrolyte. Cyclic voltammetry (CV) was performed on a Solartron potentiostat Model 1285, while a PAR Model 636 was employed to perform RDE Voltammetry (RDV). The working 
Electrochemistry of 3
The hydroxyl groups on the calix [4] arene derivative are the prime candidates to infer 3 with electroactivity. Typical cyclic voltammograms for a 1 ¥ 10 -3 M solution of 3, shown in Fig. 5 (black trace), display a small oxidation peak at +1.12 V, a second very well defined oxidation peak at ca. +1.49 V, and a reduction peak at ca. -0.48 V. Both anodic peaks represent the oxidation and accompanying deprotonation of the hydroxyl group on 3, as has been observed in other studies performed on disubstituted calix [4] arenes.
32 An ECE mechanism has been suggested for this process and a plot of I p /n 1/2 versus n supports this. 33 RDV was used to analyse the main anodic peak. The slope of the plots of E versus ln(i/i d -i) can be used to determine the oxidation stoichiometry. A linear plot was observed with a slope of 92 mV dec -1 . This lies midway between the theoretical Nernstian predicted slope value for one and two electron processes. Our value would suggest that the first electron transfer is not solely rate determining, and that deprotonation of the hydroxide groups also contributes to the kinetic process. This observation would seem to support the proposed ECE mechanism. Our values differ from those obtained for diamide-calix [4] arene, 32b which differs from 3 only by the two non-phenolic pendants. This would indicate, unexpectedly, that the two pyridyl pendants impose a bearing on the oxidation process at the phenolic groups. The origin of the cathodic peak was determined by cycling 3 from +0.8 to -1.0 V, that is to potentials that did not oxidise 3. The reduction peak at -0.48 V was absent indicating that the reduction peak is an electrochemically generated daughter peak of the oxidation process (not shown). All voltammograms exhibit a reduction peak at +0.35 V, which has previously been reported as the reduction of protons at Pt. 34 To investigate whether the redox behaviour of 3 was indeed due to the hydroxyl groups, potential cycling of a 1 ¥ 10 -3 M solution of the parent tetramer (only hydroxyl groups present) was carried out (Fig. 6, red trace) . Both the pre-peak and the larger oxidation peak are observed at around the same potentials. The slightly lower oxidation potentials and smaller oxidation peak currents are observed due to the poor solubility, and thus lower concentration, of the tetramer in MeCN. The daughter reduction peak was not evident in the voltammetric profile of the tetramer, which may indicate that the pyridyl pendant groups promote the generation of this species. The oxidation peak of compound 3 has a diffusion-like character and a scan rate analysis was performed to investigate. The resultant Randles-Sevcik plot, shown as inset in Fig. 5 , was linear and had a slight non-zero intercept. The non-zero intercept was not unexpected due to the fact that only the second oxidation peak was considered in the analysis. This is typical of R-S behaviour and thus the oxidation of 3 was deemed to be under diffusion control.
Redox behaviour of Hg(ClO 4 ) 2 in MeCN
Mercury(II) is well known to undergo a reversible two electron reduction to form the insoluble mercury(0). This transition leads to the formation of thin films on electrode surfaces and is described by Reaction 1:
The corresponding oxidation is evident in cyclic voltammograms as a sharp stripping peak which causes the mercury dissolution. We chose to study the electrochemical properties of 
Electrochemistry of Hg(ClO 4 ) 2 -3 complex
Due to the ready dissociation of Hg(ClO 4 ) 2 in MeCN, mercury will exist as Hg 2+ ions, which are known to favour interaction with soft Lewis bases. The nitrogen on the pendant pyridine should be an ideal binding site candidate, as proposed by NMR analysis. In the presence of Hg(ClO 4 ) 2 , we observe a relatively large anodic shift in the oxidation potential of 3, which is indicative of mercury-ligand binding (Fig. 7) . The E p,ox for 3 is present at +1.46 V on cycle 1, but shifts to +1.75 V thereafter. The same peaks that appear in the parent Hg(ClO 4 ) 2 and ligand analyte solutions are again evident in this solution mixture. But after cycle 1, the familiar Hg 0 stripping peak at ca. +0.46 V, indicative of mercury film formation, is no longer evident, which further supports a mercuryligand binding process. The peak at +0.07 V, however, actually increases in magnitude. Another interesting feature is the increase in peak intensity at ca. +1.17 V with cycle number. One possibility that could account for this observation is that the electrochemical process, observed as the pre-peak, now becomes more pronounced and facile in the presence of Hg(ClO 4 ) 2 . But since we observe a general increase in Hg 2+ reduction, Hg 0 is being oxidised, so we tentatively assign the peak at +1.17 V to the combined oxidation processes of both mercury (Hg 0 to Hg 2+ ) and ligand species. So, in conclusion, the presence of Hg(ClO 4 ) 2 actually impedes the oxidation of 3, possibly at the phenoxide sites, and may result because of a binding process. These observations imply that if binding occurs at the pyridyl pendant nitrogen, re-oxidation of metallic mercury may be hindered. Binding of Hg 2+ to both pyridyl pendants may infer rigidity onto the mercury-calixarene complex and free rotation of the pendant arms is no longer facile. Loss of electrons and protons from the hydroxide moieties, at the Pt electrode surface, then becomes kinetically more sluggish. Additional energy (~290 mV -anodic shift) is then required to oxidise the newly formed complex. Bound mercury ions have not affected diffusion of this complex to the electrode surface enough to observe a decline of the oxidation peak currents of 3.
Other perchlorate salts
The effect of AgClO 4 on the oxidation of 3 was also investigated and little bearing on the electrochemistry of 3 was observed. Unlike with Hg(ClO 4 ) 2 , in the case of AgClO 4 , a Ag(0)-Ag(I) stripping peak was present in all cyclic voltammetric potential sweeps (Cycle 1, black trace & Cycle 10, blue trace, Fig. 8 ). The electrogenerated daughter peak appears after the first cycle and is observed in the blue and red traces. In the presence of AgClO 4 , the oxidation potential of 3 is shifted anodically by~130 mV, again indicative of a binding process. However, the magnitude of the Ag 0 stripping peak remained constant over successive potential cycles in the presence of 3. This would indicate that if the binding of Ag + occurs, it is reversible i.e. an equilibrium process, and the generation of Ag 0 is not kinetically affected by complexation. We observed an opposite effect with Hg(ClO 4 ) 2 where a lower concentration of Hg 2+ was free in solution to form the deposited Hg 0 species upon reduction. An equilibrium binding process may account for these observations. The results presented here indicate that although metallic ions do interact with 3 when highly dissociated in MeCN, only mercuric species exhibit a dramatic electrochemical effect on the oxidation of 3. The rigidity inferred on the complex through binding should vary for the Hg 2+ and Ag + ions. Hg is over twice the mass of Ag which may affect the magnitude of interaction strength between the different metal ions and the pyridyl pendants. Varying degrees of complex rigidity, inferred through the different species of metal binding, should then be reflected in the different potentials required to oxidise 3. 
19,25

Synthesis of 3
A solution of 2 (0.5 g, 0.6 mmol) and 2-aminomethylpyridine (0.58 g, 2.4 mmol) in a mixture of methanol (15 ml) and toluene (15 ml) were allowed to stir at reflux temperature for 120 h. After completion, the reaction solution was concentrated under reduced pressure. 
NMR Reactions
A mixture of 3 (0.01 g, 0.01 mmol) and either a mercury salt (i.e. mercury(II) perchlorate, mercury(II) chloride, mercury(II) thiocyanate), a zinc salt (zinc(II) perchlorate) or a silver salt (silver(I) perchlorate) (0.01 mmol) was dissolved in a deuterated solvent (i.e. CDCl 3 , d 6 -DMSO, CD 3 CN or CD 2 Cl 2 ). After shaking, the mixture was placed into an NMR tube and analysed using NMR spectroscopy. The resulting NMR data is presented in the supplementary information. †
NMR Titrations
Titrations are only described for d 6 -DMSO solutions, but titrations in other solvents were carried out in a similar manner. Standard solutions of 3 and the mercury(II) salts (mercury(II) perchlorate, mercury(II) chloride and mercury(II) thiocyanate) were prepared in d 6 -DMSO. These solutions were then diluted to a concentration of 1 ¥ 10 -4 M respectively. 0.5 ml of the calixarene were then placed in an NMR tube and examined using 1 H NMR spectroscopy. 50 mm (0.2 Eq) of the appropriate mercury(II) salt solution was then added to the NMR tube and the resulting complex was examined as before. These titrations continued until the complex formation had been examined with 0. 
Conclusions
The mercury ion complexation reactions were carried out between the calix [4] arene derivative and various mercury(II) salts.
1 H NMR studies showed that the role of solvent, the anion chosen and the initial reaction conditions were critical and that the formation of a "simple" mercury(II) complex was non-trivial. The mercury ion can cause either (i) the formation of an ion-pair system, which have a characteristic downfield shift of all signals in the 1 H NMR spectrum, (ii) a cleavage reaction to occur resulting in the reformation of the calix [4] arene diester compound 2, but only when the reaction is heated and (iii) "simple" mercury binding to the pyridine rings when the binding studies are carried out using NMR titration techniques. The electrochemistry data show a large shift in ligand oxidation potential in the presence of Hg(ClO 4 View Online shift is ca. 260 mV and, thus, we can infer that the Hg 2+ species is strongly complexed. This is also reflected in the diminished Hg 0 -Hg 2+ stripping peak observed after the first cycle. AgClO 4 also causes a shift, albeit smaller, in the ligand oxidation potential but the Ag 0 -Ag + transition stripping peak remains constant over the range of voltammetric cycles. This indicates that while Ag + may bind to the ligand, the binding is not tight and may be a binding/non-binding equilibrium process. However, activation energy or power is being applied in both the electrochemical reactions and also in the case where the reaction is heated. In all of these cases, simple metal binding is not observed but more complicated reaction pathways occur. Further investigations into this system are under way.
